Texas is a large state whose water resources vary from relatively abundant in the eastern half of the state to relatively scarce in the western half. In addition, Texas is one of five states nationwide that allocates surface water through a system that merges riparian rights and prior appropriation rights. In some locations and climatic conditions, water rights have been over-allocated, creating a predicament where the legal availability of water exceeds the physical availability. Complicating matters, in 2001, the Texas Legislature established an Instream Flow Program, which conducts studies to identify appropriate flow regimes to maintain an ecologically sound environment. The findings of these instream flow studies could create challenging streamflow requirements that might cause problems for water allocation planning and management.
INTRODUCTION
Surface water and groundwater are managed separately in Texas. Groundwater is governed by the rule of capture, which gives landowners the right to use the water beneath their property. Surface water in Texas is owned by the state and can be used only with the state's permission by obtaining a water right. The state agency, Texas Commission on Environmental Quality (TCEQ) is responsible for allocating and managing water rights [1, 2] .
Surface water in Texas is managed by a hybrid system combining riparian and prior appropriation water rights. Riparian rights take priority over prior appropriation water rights. Riparian doctrine, based on English common law, gives owners of land bordering a natural river or stream the right to use the water for domestic and livestock uses. Prior appropriation doctrine, controlled by statute, gives priority based on the date of permit application with the earliest application date having the most seniority. The type of use and location in the river basin are not factors in determining the priority for prior appropriation rights. For example, an industrial water right holder with a priority date of 1928 is senior to an upstream municipal water right holder with a priority date of 1964 [1] [2] [3] [4] .
These rights specify the allowable water diversion volume per year and priority; however, they do not guarantee that this water will always be available. Therefore, priority becomes important in times of water shortage. Water users might not be able to divert part or all of the volume of water they are allocated if there is not enough water for senior users. The ability to obtain new water rights is dependent on if water is available in the river basin, and generally, very little water remains available in Texas for appropriation to new users. In some river basins, the amount of water already allocated is greater than the river typically carries, even in a wet year. If water is not available to new rights in a basin, one can buy part or all of an existing water right [1] .
Senate Bill 2 established the Texas Instream Flow Program in 2001 during the 77th Texas Legislature. The Texas Commission on Environmental Quality, Texas Parks and Wildlife Department, and Texas Water Development Board manage the program. The program aims to determine flow conditions necessary for supporting a sound ecological environment in Texas river basins by performing scientific and engineering studies [5, 6] . Conclusions from Texas instream flow studies might lead to a decrease in the amount of water available for diversion. This decrease in water availability could present challenges in the management and allocation of rights to already strained water sources.
When water shortages occur, users with lower priority might not be able to divert the water allocated to them, including diversions for all user types (municipal, industrial, and irrigation). Due to the need for water cooling [7, 8] , thermoelectric power plants are users of particular interest because of the risk water shortages present to the power system. However, these power plants also have the potential to decrease total water diversions by implementing alternative cooling technologies. Previous research describes the life-cycle water withdrawal and consumption of U.S. electricity generation [9] , motivations for electric utilities to reduce water use [10] , and models of power plant cooling in response to climate change [11] . To our knowledge, our customized model is the first of its kind to simulate implementation of alternative cooling technologies for mitigation of water resources to support instream flows on a river basin scale. This model was demonstrated in previous work by the authors for the Brazos and Sabine River basins, and is applied here for approximately half the state's basins to determine insights into the broader impact enabled by new cooling technologies [12] .
Cooling technologies for typical power generation systems use water or air to condense steam from a steam turbine. In open-loop cooling, also known as once-through cooling, large volumes of water are withdrawn from the water source and flow through a heat exchanger only once before returning to the water source. Although not much water is consumed, large water withdrawal can have severe impacts on nearby users and the ecology of the basin. Closed loop-cooling systems (e.g. those with cooling towers) withdraw much smaller volumes of water than open-loop cooling. In those systems, water is recycled instead of withdrawing water and using it only once. Converting open-loop plants to closed-loop plants presents an opportunity to reduce total diversions within a basin [13] .
Cooling of thermoelectric power plants is also possible without water by use of air-cooling. These dry-cooling systems eliminate the need for water; however, they have lower cooling efficiencies than water-cooling. The specific heat for air is lower than for liquid; meaning, a cubic meter of air has a lower ability to dissipate heat than a cubic meter of water. Consequently, larger cooling structures are required which have higher capital costs. Hybrid wet-dry cooling technologies increase cooling efficiencies while decreasing overall water withdrawal by combining a cooling tower with air-cooled condensers. However, this technology would have the highest capital costs as both technologies would have to be installed in parallel. Also, water withdrawal would peak while using the cooling tower technology during the hotter months of the summer, which is typically coincident with the greatest water scarcity [13] . These technologies could be essential in maintaining the power system as water sources become more strained.
TEXAS AS A CASE STUDY
The variation in climate and the use of a hybrid system of water rights make Texas an appropriate setting for our case study because the results can be applicable to other states that have either riparian or prior appropriation of water rights. Furthermore, annual precipitation varies from nearly 130 cm in east Texas to less than 25 cm in the western side of the state [14] . This range in climate makes Texas a suitable approximation for the continental United States. Results from this study might also be applicable to other states with water management policies similar to that of Texas.
The eleven river basins included in this analysis are Brazos and San Jacinto-Brazos Coastal Basin, Colorado and Colorado-Brazos Coastal Basin, Cypress, Neches, Nueces, Red River, Sabine, San Jacinto, and Trinity. These basins, shown in Figure 1 , cover a large percentage of land area in the state. This case study does not include all river basins in Texas due to the inconsistency of the Water Availability Model (WAM) data available for the different river basins. In the WAM, the full execution of water rights scenario represents all water right users diverting their maximum authorized amounts [15] . While comments in some basin WAM files were sufficient to identify types, priority, and amount of diversions for each water right, some others did not give enough information to utilize the file. For river basins that lacked sufficient comments, identifying which water rights belong to thermoelectric power plant facilities is not viable. Many of the basins not included in the analysis are coastal river basin. The coastal side of Texas is very wet and not as susceptible to drought, so the need for water conservation is not as essential as for dryer areas. The Rio Grande Basin, which forms the border between Texas and Mexico, was not included because water rights are governed by international treaties and watermasters, making changes in water diversions a complex legal matter. 
DATA
The Water Rights Analysis Package (WRAP), developed at the Texas Water Resource Institute, is a water availability model program that predicts the amount of water available in a river or stream under a specified set of natural conditions and water diversions [16] . In the Texas Water Availability Model, the full execution of water rights scenario represents all water right users diverting their maximum authorized amounts [15] . TCEQ uses the full authorization simulation of WAM to determine water availability for applications for new appropriation of water. If the water volume is available, these models estimate how frequently the water should be available. Generally TCEQ allocates rights when 75% of the requested water diversion is available 75% of the time; rights for municipal water users are allocated only when 100% of the requested water diversion is available 100% of the time, unless a back up water right is secured [1] . TCEQ must also consider environmental flow needs, including instream flows, when evaluating applications for new water rights.
For this analysis, the full execution of water rights was completed using the WAM to represent water right holders in the river basins of Texas. Zero return flow is assumed as the full execution WAM represents all perpetual water rights holders with zero return flow of water [15] .
The input WAM files presented major challenges in analyzing water rights for the basins. There is not uniformity between the data sets given for different river basins. Comments in some basin WAM files were sufficient to identify types, priority, and amount of diversions for each water right, while others did not give enough information to utilize the file. Also, since WRAP utilizes the Fortran programming language for processing WAM input files, using the raw data becomes cumbersome. The files had to be interpreted and reorganized for uniformity, illustrated in the sample water rights below.
In the Brazos example below, WR4146P1 is the water right number, 35000 is the allocated annual water diversion in acre-feet, MUN designates municipal use, and 19811005 is the priority date of October 5, 1981 . The remaining information gives more detail about the water right, which is owned by the Brazos River Authority in this example. Such additional data, simplifies identifying which water rights are for thermoelectric power plants. Similarly, in the example for Trinity above, the water right number (WRB5636P), allocated annual water diversion (100 acft), use type (REC), and priority (19990622) are given, and we learn that this water right is owned by the City of Keller from the comment above the water right entry. However, less additional information is given. In the Lavaca example, the water right number (WR537041), allocated annual water diversion (900 acft), and priority (19910701) are given, however, the use type is not. This lack of information made analyzing the Lavaca basin too cumbersome and susceptible to error; therefore, this river basin and other basins with similar WAM code could not be included in the analysis. For each basin, the prior appropriation water rights were sorted based on priority date as well as use. Power generation water rights are contained as a subset of industrial water rights within the WAM, but were separated for this analysis [15] . Table 1 .
Thermoelectric power generation rights were examined further. Forty-five thermoelectric power plants with water rights in the basins in Table 1 were considered in this case study. Of these 45 plants, 25 use open-loop cooling, diverting much larger volumes of water than if closed-loop cooling systems were implemented [19] . These forty-five facilities are currently allocated 755 million m 3 per year of water and have generation capacity of 28.8 GW. Note that other power plants are present in the river basins, yet only those explicitly referenced in the WAM are analyzed here. Those power plants not analyzed here include facilities with zero net generation, those using groundwater sources or reclaimed water, and those using air-cooling. [13] ; ƒ represents water consumption for fuel type; and G represents the net generation of the power plant. Water consumption for fuel type was determined as a function of fuel, cooling technology, and, if possible, river basin to incorporate climatic variability that is absent from national average values of water for power generation. If closed-loop power plants of the same fuel type were not present in the basin, an average of all the power plants with the same fuel type as the power plant of interest was used.
Case 2: Hybrid Wet-Dry Cooling. Case 2 represents converting all power plant facilities to hybrid wet-dry cooling systems, which combines a cooling tower with an air-cooled condenser. This scenario is modeled with power generation water diversions at 50% of Case 1 diversions. This assumes half of a facilities cooling will be achieved via water cooling and half with dry cooling [13] .
Case 3: Dry Cooling. Case 3 represents converting all power plant facilities to dry-cooling systems. These systems eliminate the need for water completely. Although no water is required for cooling, other power plant operations such as boiler make-up, sinks, and toilets still require water. Based on data for different fuel technologies, these other water uses constitute 3 to 12% of closed-loop water diversions [20, 21] . This scenario is modeled as power generation water diversions at 10% of the Case 1 diversions.
These three cases simulate cooling systems that are currently available, technologically feasible, and would significantly reduce water diversions. Switching from openloop cooling to a closed-loop cooling system requires the addition of a cooling tower or cooling reservoir to dissipate heat from the recycled water. Closed-loop cooling is already implemented at nearly half of the power plants included in this analysis. For hybrid wet-dry and dry cooling, equipment containing air-cooled condensers are large and have high capital costs. Additionally, the dry cooling process has a lower cooling efficiency than water cooling technologies. However, this technology is already implemented at power plants in areas where water is not available and could become essential for additional power plants as water sources become increasingly strained [13] .
RESULTS
Of the total 4,840 million m 3 allocated for diversion annually in the eleven river basins included in this analysis, 755 million m 3 per year are allocated for thermoelectric power plants. The Brazos and Colorado River basins contain the largest volumes of water diversion for power generation. Table 2 shows the values calculated for Case 1 through 3 for each river basin. Total water diversions decrease significantly for each basin when implementing water-efficient cooling technologies. The Red River basin shows great potential where implementation of closed loop cooling results in use of only 25% of current diversions, implementation of hybrid wetdry cooling results in use of only 13% of current diversions, and implementation of dry cooling results in use of only 3% of current diversions. Brazos shows potential for the greatest reduction in water diversions from 102 to 199 million m 3 per year. By implementing alternative cooling technologies at the plants in all eleven of the river basins considered in this analysis, water diversion could be reduced by as much as 247 to 703 million m 3 annually as shown in Table 3 . This volume translates to 1.3 to 3.7 million human equivalent, assuming use of 0.53 m 3 (140 gallons) of water per day. Implementation of these technologies could become significant in times of drought or if water allocation is limited due to instream flow requirements, not only to these power plants but to other users in the basin that have lower priority. Many municipal water right holders have priority below these power plants in all basins. Volume reliability is the percentage of total demand that is actually supplied over the time period of interest, here the period of WAM record of 1940-1998 [17] . The average current volume reliability for all the basins included in this analysis is 66.0%. For the Case 3 scenario, total average volume reliability only increases to 66.7%. This small change in reliability of the water source is an insignificant change when considering the large change in total water diversions. The average change in water rights ranges from 0.24% to 12.4% for the different basins. Figure 3 shows many water right holders observe volume reliability less than 75% even for Case 3. Thus, our results suggest that using volume reliability as a metric for water availability overlooks tremendous water savings potential. TCEQ uses volume reliability to assess new water right applications, which might not be the best policy when considering innovating energy and water management strategies, such as alternative cooling for thermoelectric power plants. 
POLICY IMPLICATIONS
Although dry-cooling has the largest potential for water diversions savings, the high capital cost and the significant loss in cooling efficiency make implementation of this technology only feasible for power plants that do not have the option of obtaining sufficient water rights for wet cooling.
However, switching open-loop cooling plants to closed-loop systems is a sensible option, as around half of the power plants already use closed-loop cooling systems. The switch only requires the addition of a cooling tower or cooling reservoir. Where water resources are more strained, hybrid wet-dry cooling is a reasonable option. Although capital costs are sizeable, the water diversion savings from hybrid wet-dry systems are more than twice that achieved from switching from open-loop to closed-loop cooling, depending on fuel. Additionally, hybrid wet-dry systems experience less efficiency loss than dry cooling.
TCEQ uses the metric volume reliability, the percentage of total demand that is actually supplied over a time period of interest, when allocating water rights. Generally, TCEQ allocates rights when 75% of the requested water diversion is available 75% of the time and rights for municipal water users are allocated only when 100% of the requested water diversion is available 100% of the time [1]. The average current volume reliability for all the basins included in this analysis is 66.0% and only increases to 66.7% for the Case 3 scenario. For this study, it is shown that although dramatic reduction in volumes of water diverted can be accomplished through implementation of alternative cooling technologies, volume reliability throughout the basin increases only slightly.
Volume reliability overlooks significant water savings potential, which shows a need for a better metric when considering energy and water management strategies. However, volume of water alone does not account for the seasonality of the hydrologic cycle or extreme events such as floods and droughts. TCEQ might need to develop a better metric to use when planning energy and water management policy.
A simple analysis of the economic feasibility of implementation of alternative cooling technologies at power plants was conducted. Rough estimates show the cost of retrofitting all power plants included in this analysis for drycooling including the cost associated with loss in efficiency would be approximately $700M [23] . The value of water savings associated with switching to dry-cooling would be approximately $475M [24, 25] . This demonstrates the possibility of economic feasibility of such a project as water continues to become scarcer and increases in value. A more extensive economic analysis is beyond the scope of this work but will be conducted in subsequent work to determine the extent of economic incentive for a plant to upgrade its cooling system.
Two limiting factors of this study were the use of full execution of WAM and the disregard of groundwater. Actual water diversions are less than the values used in this study from the full execution WAM. This study also does not include associated return flows under the assumption that all users consume the full volume diverted [16] . Although groundwater and surface water resources are related to one another, modeling and allocation of groundwater are different from surface water rights in Texas. The Groundwater Availability Models and Water Availability Models both have flaws and many users would prefer the models improve independently, rather than integrating the models [22] . Therefore, this study analyzes only surface water.
Conclusions from Texas instream flow studies might lead to a decrease in the amount of water available for diversion. Incorporation of these new requirements would present challenges in the management and allocation of rights to already strained water sources. Implementing alternative cooling technologies at thermoelectric power plants has the potential to decrease annual diversions as much as 247 to 703 million m 3 , equivalent to the municipal use of over 1 million to almost 4 million people. However, additional conservation by municipal, industrial, and irrigation users might be necessary to ensure necessary water availability.
CONCLUSIONS
This study reveals large volumes of water diversions can be conserved through implementation of alternative cooling technologies at thermoelectric power plants for river basins in Texas. Our models suggest by changing 25 openloop power plants to closed-loop cooling systems, annual water diversions can be reduced by 247 million m 3 . Through implementation of hybrid wet-dry cooling, or dry cooling at all forty-five power plants in the river basins included in this study, water diversion could be reduced 496 to 703 million m 3 annually, respectively. TCEQ uses the metric volume reliability, the percentage of total demand that is actually supplied over a time period of interest, when allocating water rights. The average current volume reliability for all the basins included in this analysis is 66.0% and only increases to 66.7% for the Case 3 scenario. The average change in volume reliability ranges from 0.24% to 12.4% for the different basins. This finding suggests volume reliability might not be the best metric for TCEQ to use when allocating water rights. The insignificant increase in volume reliability might cause the sizeable changes in total volume of water diversions to be overlooked. Actual volume reliability might be even higher, as this study utilizes full execution WAM and does not include associated return flows. This study shows large volumes of water are potentially available for other users in the basin, including meeting instream flow uses. This study can be used as a model for other states within the United States, due to the variation in climate and the hybrid system used for water rights in Texas.
